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Introduction
The widespread use of lithium-ion batteries (LIBs) in sta-
tionary and portable applications as well as in electromobili-
ty requires criteria for classification and evaluation of elec-
trodes and full battery cells. LIB cells are electrochemical re-
actors transforming chemical energy into electric power re-
versibly, so characteristic values can be formulated for this
purpose. LIB technology has been established already in
1976.[1,2] Modern LIB research is focused on the develop-
ment of improved active materials[3,4] as well as on engineer-
ing issues.[5] Especially the design optimization of LIB is
a major challenge and has been investigated by extensive pa-
rameter studies[6,7] for different numbers of variables[8,9] on
various model scales.[10] Some of these parameter studies are
complex, typically requiring a high computational effort. The
new method should provide a reasonable and time-saving al-
ternative.
Properties such as capacity, energy, or power density are
describing the competitiveness of active materials and full
battery cells. Nevertheless, the performance of an electrode
is influenced by many factors. Therefore, it is suggested to
transfer the concept of chemical reaction engineering for
evaluating reactors with dimensionless characteristic values
to battery technology. The informative value of single param-
eters is often low because of their simultaneous impact on
several of the mentioned cell characteristics. Therefore, an
abstraction of the considered system is necessary to separate
and analyze different properties for limiting factors in funda-
mental processes. During this abstraction dimensionless
properties are defined, for example, for single electrodes,
and their values are compared and evaluated. A full set of
characteristic values will be established in this way. For this
purpose, a simple basic battery model is used, which will be
transferred to dimensionless notation. This basic model
could be extended in subsequent work to incorporate further
effects of interest in the characteristic values or to define
new quantities. As a first application of the analytical ap-
proach, the impact of a single characteristic value will be ela-
borated.
Dimensionless modeling of single particles[11] and full bat-
tery cells[12,13] as well as dimensional analysis[14] have already
been applied to LIB cells. Newman et al.[12, 15] defined the
ratio of discharge time and diffusion time both for electrode
and particle at an early stage of LIB modeling whereas Du
et al.[14] extended this theory to a dimensionless material con-
ductivity. Zhang et al.[11] contributed the ratio of diffusion re-
sistance to reaction resistance for single particles. However,
there are further quantities with impact on the performance
of battery cells such as the dimensionless electrolyte conduc-
tivity. Thus, consistent application of dimensionless quantities
to battery modeling is still required.
For the first application of a complete set of dimensionless
characteristic values, a LIB standard cell shown in Figure 1 is
specified and simulated. Active materials used in the stan-
A new method for evaluation of battery cells containing
porous thin-layer electrodes is developed. For this purpose,
a typical concept of chemical reaction engineering to classify
reactors by dimensionless characteristic values is used.
Therefore, the system of equations describing the porous
electrodes in a battery cell is transferred to dimensionless no-
tation and corresponding dimensionless properties are devel-
oped. The required kinetic data are measured with the help
of electrochemical test cells. A complete set of parameters
for the description of the lithium-ion battery is determined
and the characteristic properties for the chosen example are
calculated and analyzed. Finally, the performance of the
anode and cathode using lithium manganese oxide and sur-
face-modified graphite as active materials is compared with
the aid of the newly developed dimensionless parameters.
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dard cell are lithium manganese oxide (LMO) and surface-
modified graphite (SMG). The reversible lithium intercala-
tion reactions can be described by Equations (1) and (2).
LiMn2O4 Ð Li1@xMn2O4 þ xLiþ þ x e@ ð1Þ
nCþ xLiþ þ x e@ Ð LixCn ð2Þ
Results and Discussion
Measured data
The complete set of parameters for experimental investiga-
tions and simulation of the LIB standard cell is summarized
in Table 1.
The specific surface area related to the electrode layer
volume can be calculated from the average particle radius
[Eq. (3)].
av ¼
3
R1
? e1 ð3Þ
The definitions of the variables can be found in Table 6. The
maximum lithium concentration of the active material was
determined by measuring the capacity of the electrodes (ap-
proximately 3.3 mAh in both cases) in half cells using the fol-
lowing relationship [Eq. (4)]
q ¼ z ? F ? e1 ? d ? cs ð4Þ
whereas the state of charge (SoC) is defined by Equation (5):
SoC ¼ q
qmax
¼ cs
cs;max
ð5Þ
Kinetic parameters were determined using the linear po-
larization method. The measurements were carried out in
a climate chamber at 20 8C. Transfer coefficients and the ex-
change current were estimated with the aid of the Tafel fit
analysis tool from EC-Lab
U
for several states of charge. This
fitting tool utilizes the Tafel approximation at increased over-
potentials (anodic: >25 mV, cathodic: >15 mV). The ob-
tained transfer coefficients were normalized to one whereas
the determined exchange currents were converted into ex-
change rates with FaradayQs law. Reaction rate constants
were adjusted to measured data using linear regression, the
corresponding exchange rates are shown in Figure 2.
The measured data during the charging process of the LIB
test cell are compared with simulation results in Figure 3. For
this purpose, the set of parameters in Table 1 and the set of
equations in Table 2 were used.
Model setup
Appropriate models for simulation of rechargeable batteries
are well known[17] and have been also published for
LIBs.[15,18] A reduced system of differential equations and ki-
netics summarized in Table 2 was implemented and solved in
MATLAB
U
using the finite volume method (FVM).
Operational parameters are the current density i that splits
into ionic (i1) and electric (i2) fractions inside porous electro-
des
i ¼ i1 þ i2 ð6Þ
Figure 1. LIB standard cell.
Figure 2. Calculated and measured exchange rates as a function of SoC for
anode and cathode at 20 8C.
Table 1. Set of parameters for LIB test cell.
Parameter Anode Separator Cathode Unit
A 254.5 254.5 254.5 mm2
d 48.2 1450 58.8 mm
e 64.8 91.7 39.0 %
e1 31.0 48.9 %
R1 7.04 4.55 mm
s 75 [a] 3[a] Sm@1
Ds 5·10
@14 [a] 5·10@14[a] m2s@1
DLi 3.47·10
@10 [b] m2s@1
t0 Li 0.28
[b] –
cLi,0 1 moldm
@3
cs,max 32.36 16.84 moldm
@3
aox 0.23 0.26 –
ared 0.77 0.74 –
k 6.94·10@11 4.06·10@11 mol1@Xm3·X–2s@1
T 293.15 K
[a] Estimated value. [b] Ref. [16].
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and the cell voltage U, which results from the solid phase po-
tential at both current collectors.
U ¼ F1 xc ¼ dcð Þ@F1 xa ¼ 0ð Þ ð7Þ
Voltage losses in the current collectors, made of aluminum
and copper, can be neglected in case of non-wound test cells
with small electrode area. In the following, the described set
of model equations was transferred to dimensionless formu-
lations. Definitions of the dimensionless variables used are
listed in Table 3.
Mass transport
The dimensionless material balance for the lithium ions in
the electrolyte reads
@f Li
@t
¼ A1;j ?
@2f Li
@x2j
@A2;j ? m2 ?
@t0Li
@xj
þA3;j ? 1@ t0Li
E C ? 1j ð8Þ
with the dimensionless coefficients A1, A2, and A3. For con-
stant transference numbers, the second term on the right
hand side, which represents migration transport, can be ne-
glected. The corresponding balance for the lithium in the
active materials yields
@f s;j
@t
¼ A4;j ?
1
l2j
? @
@lj
l2j ?
@f s;j
@lj
. -
ð9Þ
with the dimensionless coefficient A4.
Charge transfer
The charge balance for the electrodes in dimensionless form
is given by Equation (10):
Figure 3. Dimensionless cell voltage of the LIB test cell as a function of di-
mensionless charging time (solid lines: measured data; dashed lines: simu-
lation results).
Table 3. Definition of dimensionless variables.
Variable Definition
lithium ion concentration f Li ¼ cLicLi;0
lithium concentration f s;j ¼ cs;jcs;max;j ¼
qj
qmax;j
time t ¼ ttref
spatial coordinate xj ¼ xjdj
radial coordinate lj ¼ rjR1;j
transference number t
0
Li ¼ iLii2
current density m1 ¼ i1i ; m2 ¼ i2i
potential f1 ¼ F1Uref f2 ¼ F2Uref
cell voltage n ¼ UUref
reaction rate 1j ¼ jp;jjref
0;j
Table 2. Set of equations for LIB simulation.
Description Equation
material balance (electrolyte) ej ? @cLi@t ¼ @@xj DLi;eff ? ej ?
@cLi
@xj
0 /
@ i2z?F ? @t
0
Li
@xj
þ 1@ t0Li
E C ? av;j ? jp;j
material balance (particle) @cs;j
@t ¼ 1r2j ?
@
@rj
Ds;j ? 1r2j ?
@cs;j
@rj
0 /
charge balance @i2
@xj
¼ z ? F ? av;j ? jp;j @i1@xj þ
@i2
@xj
¼ 0
Ohm’s law
@F1
@xj
¼ @ i1seff;j
@F2
@xj
¼ @ i2keff
kinetics
jp;j ¼ j0;j ? exp box;j ? hj
E C@ exp @bred;j ? hjE C@ >
bj ¼ aj ? z?FR?T
j0;j ¼ kj ? caox;jLi ? cs;max;j @ cs;j
E C
aox;j ? cared;js;j hj ¼ F1 @F2 @U0;j
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@m2
@xj
¼ A5;j ? 1j ð10Þ
where A5 is a further dimensionless coefficient. Charge con-
servation leads to the relationship described by Equa-
tion (11).
@m1
@xj
þ @m2
@xj
¼ 0 ð11Þ
Potential drop
The transformation of OhmQs law in the solid phase
@f1
@xj
¼ @A6;j ? m1 ð12Þ
and in the liquid phase
@f2
@xj
¼ @A7;j ? m2 ð13Þ
results in the dimensionless coefficients A6 and A7. In case of
the liquid phase potential, the influence of the thermody-
namic factor was neglected.
Kinetics
The dimensionless reaction rate of the intercalation can be
expressed by
1j ¼ 10;j ? exp box;j
E C@ exp @bred;jE C@ > ð14Þ
with the following definition of dimensionless exchange rate
10;j ¼
j0;j
jref0;j
¼ f aox;jLi ? 1@ f s;j
E C
aox;j ? f ared;js;j ð15Þ
and corresponding overpotentials for oxidation and reduc-
tion.
bj ¼ bj ? hj ð16Þ
The reference exchange rate can be calculated using Equa-
tion (17):
jref0;j ¼ kj ? caox;jLi;0 ? c
aox;jþared;j
s;max;j ð17Þ
For galvanostatic operations, normalization of current densi-
ty and cell voltage leads to Equations (18) and (19):
m¼ m1 þ m2 ¼ 1 ð18Þ
and
n ¼ f1 xc ¼ 1ð Þ@ f1 xa ¼ 0ð Þ: ð19Þ
The general expression for dimensionless overpotentials
reads
hj
Uref
¼ f1 @ f2 @ n0;j: ð20Þ
Depending on the mode of operation, certain conventions
have to be established. The reference time for galvanostatic
operations can be defined as follows.
tref ¼ qmax
i
ð21Þ
However, the reference voltage for galvanostatic operations
can be chosen arbitrarily. The preferred choice is the maxi-
mum value of the open-circuit voltage:
Uref ¼ U0;c SoCc ¼ 0ð Þ@U0;a SoCa ¼ 1ð Þ ð22Þ
Another option according to Ref. [6] would be the definition
Uref ¼ R ? T
z ? F ð23Þ
and using Equations (16) and (20), the dimensionless overpo-
tential becomes
bj ¼ aj ? f1 @ f2 @ n0;j
E C
: ð24Þ
For potentiostatic operations, other conventions have to be
defined. Clearly, the selected reference voltage should be the
applied cell voltage, but for the current density a fixed value
must be specified. Since the experiments were conducted at
1C, a corresponding reference time of 1 h was chosen.
Characteristic values
The dimensionless coefficients A1–A7 can be interpreted as
characteristic values describing the performance of porous
electrodes. The definitions and calculated values for both
electrodes at galvanostatic operating mode are listed in
Table 4. For the determination of all coefficients it was as-
sumed that parameters are constant in the corresponding cell
region.
The coefficient A1 represents the ratio of diffusion time
and operation time. Clearly, for low values of A1, diffusion
limits the performance of the battery. The dimensionless pa-
rameter A4 has the same meaning for interstitial diffusion in
the particles of the active material. In fluid mechanics and
chemical reaction engineering there are similar characteristic
values, for example the P8clet or Bodenstein numbers, which
correlate the diffusion and dispersion with convection.
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The second dimensionless coefficient A2 can be simplified
to
A2;j ¼
i ? tref
z ? F ? dj ? ej ? cLi;0 ¼
e1;j ? cs;max;j
ej ? cLi;0 : ð25Þ
As one can easily see, this characteristic value is a measure
for the ratio of the lithium reservoir in the active material
and the lithium ion reservoir in the electrolyte. High values
may indicate a lack of lithium salt in the solution.
The dimensionless parameter A3 correlates the intercala-
tion time with the operation time. In chemical reaction engi-
neering, this characteristic value corresponds to the Dam-
kçhler number. For low values of A3, the reaction is the lim-
iting process for the battery performance.
Coefficient A5 is the ratio of A3 and A2 [Eq. (26)]:
A5;j ¼ z ? F ? i@1 ? dj ? av;j ? jref0;j ¼
A3;j
A2;j
ð26Þ
The last two coefficients, A6 and A7, can be identified as di-
mensionless resistances of electrodes and electrolyte, respec-
tively. Thus, high values of these properties indicate in-
creased voltage losses.
The dimensionless coefficients for the described LIB test
cell at a current rate of 0.5C are presented in Table 4. Ac-
cordingly, a value of 1 h was chosen as the reference time tref.
One can see that several characteristic values for anode and
cathode have the same order of magnitude as exemplified by
parameter A2.
Significant differences are observed for the dimensionless
resistances in the solid (A6) and in the liquid phase (A7)
where the cathode exhibits much higher values. It is also no-
ticeable that the impact of the electrolytic conduction is
larger than that of the electrical conduction because the di-
mensionless resistances are higher. An important influence
factor in both cases is the porosity of the corresponding elec-
trode, which can be seen from the used correlations for effec-
tive values of the electrolytic and electrical conductivities
given in Equations (29) and (31).
With respect to the diffusion-operation characteristics of
electrolyte (A1) and active material (A4), it is found that the
anode is more limited by the active material than the cath-
ode whereas the cathode is more limited by the pore system
than the anode. Overall, it can be stated that the limitation is
caused by interstitial diffusion in both cases because of the
low values for A4. On the other hand, limitation due to reac-
tion (A3) is more significant for the anode. Taking the possi-
ble limitations by reaction and diffusion into account, one
can state that the anode is the more limiting electrode even
if the voltage losses are lower than for the cathode.
In this context, limitation does not mean that the charging
or discharging process is limited in time but that the losses
due to reaction and diffusion are dominating. As can be seen
from Figure 4, the initially high anodic reaction overpotential
deteriorates rapidly and reaches nearly steady state after
a certain time. On the other hand, the cathodic reaction
overpotential is initially lower than for the anode, remains
relatively unaltered with time, and finally increases strongly
close to complete discharge. If now a doubling of the charac-
teristic value A3 for anode and cathode is assumed, the volt-
age losses due to reaction decrease in both cases as expected.
The definition of A3 given in Table 4 reveals that both the
specific surface area of the electrode particles and the refer-
ence exchange rate could be increased for further reduction
of the voltage losses. This example shows that the dimension-
less value A3 is a useful measure for the initial reaction limi-
tation of a LIB electrode.
Conclusions
Characteristic values were worked out to evaluate a lithium-
ion-battery (LIB) test cell and to compare the porous elec-
Figure 4. Average anodic and cathodic voltage losses due to reaction at 0.5C
as a function of dimensionless charging time for two different values of the
characteristic value A3.
Table 4. Determination of characteristic values for LIB operation at 0.5C.
Definition LIB test cell
anode cathode
A1;j ¼ t
ref ?DLi;eff
d2j
561.4 175.9
A2;j ¼ e1;j ?cs;max;jej ?cLi;0 15.5 21.1
A3;j ¼ av;j ?j
ref
0;j ?tref
ej ?cLi;0 16.2 24.5
A4;j ¼ t
ref ?Ds;j
R2
1;j
~7.3 ~17.4
A5;j ¼ A3A2 1.04 1.16
A6;j ¼ i?djseff;j ?Uref ~2.8·10@6 ~49.4·10@6
A7;j ¼ i?djkeff ?Uref 2.3·10@4 6.0·10@4
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trodes used therein based on a chemical reaction engineering
approach. For this purpose, conventions for galvanostatic
and potentiostatic operation had to be defined because the
newly developed dimensionless parameters depend on refer-
ence values for current density and cell voltage. Using the
characteristic values, limiting processes can be detected. The
evaluation of the electrodes showed that the cathode causes
higher voltage losses, but the anode limits the performance
of the full cell with regard to reaction and diffusion to
a higher extent. The parameter analysis of a single character-
istic value has validated the applicability of the analytical ap-
proach. Further parameter studies will be carried out to con-
firm these first results.
Experimental Section
The experimental data were measured using electrochemical test
cells (ECC-Combi, EL-CELL GmbH, right side of Figure 5) em-
ploying battery test systems BaSyTec CTS-LAB and Bio-Logic
VSP. Glass fiber separators from Hollingsworth & Vose (nominal
thickness 1.55 mm, porosity 92.2%, area density 27 mgcm@2)
were used due to the application of a lithium reference electrode,
see left side of Figure 5. Parameters of the pressed separators
were calculated according to manufacturerQs specification. The
electrolyte consisted of LiPF6 in ethylene carbonate/diethylene
carbonate (EC/DEC; mass ratio 3:7) denoted as LP47. The com-
position of the electrode layers produced at the Institute for Par-
ticle Technology (iPAT) at TU Braunschweig is presented in
Table 5. Polyvinylidene fluoride (PVDF) was used as binder and
carbon black (CB) was added for improving the conductivity.
The open-circuit potentials of the active materials were mea-
sured at twenty different states of charge and subsequently de-
scribed using a ninth degree polynomial, see Equation (27). The
results are shown in Figures 6 and 7.
U0 ¼ k1 ? q9 þ k2 ? q8 þ ::þ k9 ? qþ k10 ð27Þ
The electrical conductivity of the electrodes was estimated by
several measurements using dry electrodes. Coefficients of inter-
stitial diffusion depend on the state of charge of the active mate-
rial,[19, 20] thus average values were estimated.[21] The electrolytic
conductivity depends on the lithium-ion concentration (Figure 8)
and can be described with the Casteel–Amis equation
[Eq. (28)].[22]
k cLið Þ ¼ kmax ?
cLi
m
. -a
? exp b ? cLi @ mð Þ2 @
a
m
? cLi @ mð Þ
. -
ð28Þ
Effective values of the transport properties were calculated using
the corresponding porosities. The influence of tortuosity in the
porous electrode structures can be considered by the Bruggeman
correlation using an exponent of 1.5.[23,24]
Figure 5. LIB test cell used; 1: working electrode; 2: counter electrode; 3: ref-
erence electrode.
Table 5. Composition of electrode layers.
Property Fraction [%]
anode cathode
SMG PVDF CB LMO PVDF CB
mass 90 5 5 90 4 6
volume 88.2 6.1 5.7 80.2 8.3 11.5
Figure 6. Open-circuit potential of the anode as a function of charge density.
Figure 7. Open-circuit potential of the cathode as a function of charge densi-
ty.
Figure 8. Electrolytic conductivity of LP47 according to Ref. [22].
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keff ¼ k ? e1:5 ð29Þ
DLi;eff ¼ DLi ? e1:5 ð30Þ
seff ¼ s ? 1@ eð Þ ð31Þ
The unit of reaction rate constant k (see Tables 1 and 6) depends
on the values of the transfer coefficients:
X ¼ 2 ? aox þ ared ð32Þ
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Table 6. List of symbols.
Symbol Description
A area [m2]
av specific surface area [m
@1]
b Tafel slope [V@1]
cLi lithium ion concentration [molm
@3]
cs lithium concentration [molm
@3]
DLi lithium ion diffusion coefficient [m
2s@1]
Ds lithium diffusion coefficient [m
2s@1]
F Faraday constant (F=96485 Cmol@1)
i current density [Am@2]
j0 exchange rate [mols
@1m@2]
jp reaction rate [mols
@1m@2]
k reaction rate constant [mols@1m@2 (m3mol@1)X]
q charge density [Asm@2]
r radial coordinate [m]
R gas constant (R=8.314 Jmol@1K@1)
R1 average particle radius [m]
SoC state of charge [%]
t time coordinate [s]
t0 transference number
T temperature [K]
U cell voltage [V]
U0 open-circuit potential vs. Li [V]
x spatial coordinate [m]
z stoichiometric coefficient (z=1)
a transfer coefficient
d layer thickness [m]
e porosity [%]
e1 active material volume fraction [%]
h overpotential [V]
k electrolytic conductivity [Sm@1]
s electric conductivity [Sm@1]
F potential [V]
Subscript
0 initial value
1 solid phase
2 liquid phase
a anode
c cathode
eff effective value
j cell region
Li lithium ion
max maximum value
ox oxidation
red reduction
ref reference value
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